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        Hematopoiesis is a tightly regulated process in 
which hematopoietic stem cells (HSCs) undergo 
self-renewal and give rise to more diff  erentiated 
progenitor populations, such as common lym-
phoid progenitors (CLPs) and common myeloid 
progenitors (CMPs), as well as more restricted 
granulocyte-monocyte progenitors (GMPs) and 
megakaryocyte-erythroid progenitors (MEPs), 
which develop into all mature blood cell lineages 
(  1, 2  ). Maintenance of the HSC pool, which is 
essential for homeostasis of the hematopoietic 
system, requires the integrated regulation of 
proliferation, diff  erentiation, and apoptosis of 
HSCs (  3  ). Recent studies have revealed that the 
PcG (Polycomb group) proteins, such as Bmi1, 
Pcgf2, and Phc1, are important in the regulation 
of HSC maintenance (  3  ). In addition, transcrip-
tion factors, such as Etv6 (  4  ), Gfi  1 (  5, 6  ), HoxB4 
(  7  –  9  ), Myc (  10  ), and Zfx (  11  ) have been im-
plicated in the regulation of HSC self-renewal. 
Deletion of   Pten  , which encodes an important 
signal transducer, leads to a transient expansion 
of HSCs and depletion of the HSC pool over 
time, indicating that it has a critical role in the 
maintenance of HSCs (  12, 13  ). However, the 
Cdkn1a and Cdkn2c cell cycle inhibitors have 
an opposing role in regulating the self-renewal 
of HSCs (  14  ). Deletion of   Cdkn1a   results in in-
creased proliferation and impaired self-renewal 
of HSCs. In contrast, loss of function of   Cdkn2c   
leads to enhanced HSC self-renewal. Finally, 
apoptosis is a pivotal mechanism for regulation 
of the HSC pool, and antiapoptotic proteins, such 
as Mcl1 and Birc5 (Survivin), are required for 
the survival of HSCs (  15, 16  ). 
  The   adenomatous polyposis coli   (  APC  ) tumor 
suppressor gene is involved in the initiation 
and progression of colorectal cancer, via regu-
lation of     -catenin through the Wnt signaling 
pathway (  17  ). APC is essential for the forma-
tion of the APC  –  Axin  –  GSK3-     destruction 
complex, which mediates the phosphorylation 
and subsequent ubiquitylation of     -catenin for 
proteosomal degradation (  17  ). In addition to 
regulation of the Wnt pathway, APC plays a role 
in cell migration, cell adhesion, spindle assem-
bly, and chromosome segregation. With respect 
to cell migration, APC regulates stabilization 
and polymerization of microtubules through 
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  The adenomatous polyposis coli (Apc) tumor suppressor is involved in the initiation and pro-
gression of colorectal cancer via regulation of the Wnt signaling cascade. In addition, Apc 
plays an important role in multiple cellular functions, including cell migration and adhesion, 
spindle assembly, and chromosome segregation. However, its role during adult hematopoiesis is 
unknown. We show that conditional inactivation of   Apc   in vivo dramatically increases apopto-
sis and enhances cell cycle entry of hematopoietic stem cells (HSCs)/ hematopoietic progenitor 
cells (HPCs), leading to their rapid disappearance and bone marrow failure. The defect in 
HSCs/HPCs caused by   Apc   ablation is cell autonomous. In addition, we found that loss of   Apc   
leads to exhaustion of the myeloid progenitor pool (common myeloid progenitor, granulocyte-
monocyte progenitor, and megakaryocyte-erythroid progenitor), as well as the lymphoid-
primed multipotent progenitor pool. Down-regulation of the genes encoding Cdkn1a, Cdkn1b, 
and Mcl1 occurs after acute   Apc   excision in candidate HSC populations. Together, our data 
demonstrate that Apc is essential for HSC and HPC maintenance and survival. 
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HPC maintenance involves increased apoptosis, as well as in-
creased proliferation. In addition, we found that depletion of 
  Apc   leads to dramatic apoptosis of hepatocytes in vivo, indi-
cating that Apc plays a role in the regulation of cell survival 
in multiple tissues. Collectively, our studies reveal that endog-
enous   Apc   plays a critical role in regulating HSC and HPC 
maintenance and adult hematopoiesis. 
    RESULTS   
    Apc   is expressed in hematopoietic stem/progenitor cells 
  To examine the relative expression levels of   Apc   transcripts in 
primitive hematopoietic cells, we used a combination of cell 
purifi  cation and real-time quantitative RT-PCR (qRT-PCR) 
techniques. In this study, LSK (Lin        Sca-1  +   c-kit  +  ) cells, an 
HSC-enriched population, are referred to as HSCs, whereas 
Lin        Sca-1        IL-7R        c-kit  +   BM cells are referred to as HPCs. 
  Apc   was expressed in all subsets of stem/progenitor cells, al-
though the amount of   Apc   mRNA is slightly higher in HSCs 
and CLPs than in CMPs, GMPs, and MEPs (  Fig. 1 A  ).   
  Loss of   Apc   results in rapid BM failure 
  To determine whether   Apc   is required for hematopoiesis 
in vivo, we used the Cre  –  loxP system to inactivate   Apc   in 
association with EB1 (end binding 1) and microtubules. APC 
also binds IQGAP1 (GTPase activating protein 1), which 
mediates cell polarization and directional migration. The 
guanine nucleotide exchange factor Asef is stimulated by its 
interaction with APC and, subsequently, promotes cell mi-
gration (  18  ). Recent reports indicate that APC may function 
with Asef and catenins to regulate cell  –  cell adhesion (  19  ). 
Mutations in APC induce chromosome instability, suggesting 
that WT APC also has a role in the maintenance of chro-
mosome stability during mitosis (  20  ). Although poorly un-
derstood, the mechanism by which APC regulates spindle 
assembly and chromosomal segregation may involve interac-
tion with EB1 to regulate the dynamics and organization of 
microtubules, as well as association of APC with Bub check-
point proteins to ensure proper attachment of microtubules 
to the kinetochore (  20  ). 
  In this paper, we have examined the function of   Apc   in 
the hematopoietic system in vivo by conditional inactivation 
of   Apc   in hematopoietic cells in the mouse. We found that 
loss of   Apc   in vivo resulted in rapid lethality. The   Apc   mutant 
mice displayed a dramatic reduction in HSCs and hemato-
poietic progenitor cells (HPCs) and failed to maintain normal 
hematopoiesis. The eff  ect of   Apc   defi  ciency on HSC and 
    Figure 1.         Ablation of   Apc   leads to rapid lethality.   (A) Expression of   Apc   and   Gata2   (control) mRNAs in progenitor populations purifi  ed from WT BM 
as determined by qRT-PCR (means   ±   SE; independent experiments were performed in triplicate). Gene expression was normalized initially to   Hprt   ex-
pression. Values represent the fold changes in gene expression relative to that in HSCs. (B) Comparison of engraftment of CD45.2  +    Mx1-Cre  +  Apc  fl  /fl      or 
control   Mx1-Cre       Apc  fl  /fl      BM cells in WT (CD45.1  +  ) recipient CM by fl  ow analysis of PB (mean   ±   SD;   n   = 10). (C) Analysis of deletion of   Apc   in CM as deter-
mined by semiquantitative PCR of BM cells 7 d after induction. (D) Kaplan-Meier survival curve of CM recipient mice reconstituted with BM cells from 
  Mx1-Cre  +  Apc  fl  /fl      ( n   = 14) or control   Mx1-Cre       Apc  fl  /fl      ( n   = 14) mice. Arrowheads indicate pI-pC injections.     JEM VOL. 205, September 1, 2008 
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nonhematopoietic eff  ects of   Apc   deletion, we transplanted 
BM cells from untreated   Mx1-Cre    +    Apc  fl  /fl       or   Mx1-Cre           Apc  fl  /fl      
mice (CD45.2  +  ) into lethally irradiated WT recipient mice 
(CD45.1  +  ). More than 90% of PB cells in recipient mice 
were reconstituted from donor-derived CD45.2  +   cells (  Fig. 
1 B  ), confi  rming successful reconstitution. 2 mo after trans-
plantation, which is a time when HSCs have ceased expand-
ing, the chimeric mice (CM) were treated with pI-pC. By 
7 d after induction, deletion of   Apc   is nearly complete in 
total BM cells (  Fig. 1 C  ). The expression of   Apc   mRNA in 
  Apc  -defi  cient LSK (Lin        Sca-1  +   c-kit  +  ) cells was undetect-
able by qRT-PCR analysis (unpublished data). All recipient 
CM reconstituted with   Mx1-Cre    +    Apc  fl  /fl       BM cells became 
moribund and died within 15  –  20 d after the fi  rst injection 
of pI-pC (  Fig. 1 D  ). Both   Mx1-Cre    +    Apc  fl / fl      and control   Mx1-
Cre           Apc  fl / fl      chimeras showed normal white blood cell and 
diff  erential counts, platelet counts, red blood cell counts, and 
hemoglobin levels before treatment (  Fig. 2 A  ).   In contrast, 
after treatment, all hematological parameters were decreased 
dramatically in   Mx1-Cre    +    Apc  fl  /fl       CM, and myeloid cells were 
almost absent in PB. However, the control   Mx1-Cre           Apc  fl  /fl       
CM showed normal hematological parameters (  Fig. 2 A  ). 
Furthermore, the   Apc   mutant CM had a markedly lower BM 
cellularity than did the   Apc   control chimeras (  Fig. 2, B and C  ). 
These data indicate that Apc has a cell-intrinsic function in 
hematopoiesis and that loss of   Apc   leads to rapid hematopoi-
etic failure. 
  hematopoietic cells in vivo  .   Conditional   Apc  -fl  oxed (  Apc  fl / fl     ) 
mice (  21, 22  ) were bred with transgenic mice expressing the 
Cre recombinase under control of the type I interferon-in-
ducible   Mx1   promoter (  23  ). We induced ablation of   Apc   in 
vivo by intraperitoneal injection of the interferon-     inducer 
polyinosinic-polycytidylic acid (pI-pC) into   Mx1-Cre    +    Apc  fl / fl     , 
  Mx1-Cre           Apc   fl / fl     ,   Mx1-Cre    +    Apc   fl / +    , or   Mx1-Cre           Apc   fl / +     
mice. All   Mx1-Cre    +    Apc  fl / fl      (also referred to as   Apc   mutant 
mice) and   Mx1-Cre    +    Apc   fl / +     mice treated with pI-pC had 
Cre-mediated deletion of exon 14 of   Apc   in the majority of 
BM cells (Fig. S1 A, available at http://www.jem.org/cgi/
content/full/jem.20080578/DC1). Within 7  –  14 d after treat-
ment with pI-pC (referred to here as days after induction), all 
  Mx1-Cre    +    Apc  fl / fl      died, whereas all   Mx1-Cre           Apc  fl / fl      (also re-
ferred to as   Apc   control mice),   Mx1-Cre    +    Apc  fl / +    , and   Mx1-
Cre           Apc   fl / +     mice survived (Fig. S1 B) and showed normal 
hematological parameters in peripheral blood (PB) 2 mo after 
induction (not depicted). 
  Because   Mx1-Cre   is expressed in multiple tissues, ablation 
of the targeted gene may be induced in various interferon-
responsive tissues in   Mx1-Cre    +   mice carrying a fl  oxed allele 
after treatment with pI-pC (  23  ). Therefore, death of the 
  Mx1-Cre    +    Apc  fl / fl      mice in a short period of time may be caused 
by dysfunction of multiple tissues resulting from loss of   Apc  . 
In this regard, conditional inactivation of   Apc   in osteoblasts 
(  24  ), intestinal epithelium ( 25  ), and renal epithelium ( 26  ) leads 
to lethality. To distinguish the hematopoietic eff  ects from 
    Figure 2.           Apc   is essential for adult hematopoiesis.   (A) Absolute number of white blood cells (WBC), neutrophils (NE), lymphocytes (LY), monocytes 
(MO), eosinophils (EO), basophils (BA), red blood cells (RBC), platelets (PLT), and hemoglobin (Hb) levels in PB from   Mx1-Cre  +  Apc  fl  /fl      and control   Mx1-
Cre       Apc  fl  /fl      CM before (mean   ±   SD;   n   = 15) and after (7  –  15 d after induction; mean   ±   SD;   n   = 10  –  12) pI-pC treatment. *, P   <   0.001. (B) Histological 
analysis of hematoxylin and eosin  –  stained sternum from   Mx1-Cre       Apc  fl  /fl      CM (top) and   Mx1-Cre  +  Apc  fl  /fl      CM (bottom) 12 d after induction. Bar, 100   μ  m. 
(C) Numbers of BM cells in   Mx1-Cre  +  Apc  fl  /fl      moribund CM (red) as compared with   Mx1-Cre       Apc  fl  /fl      CM (blue; BM cells were collected from both tibias 
and femurs of mice 7  –  15 d after induction; mean   ±   SD;   n   = 9). *, P   <   0.001.     2166 APC IS REQUIRED FOR HEMATOPOIESIS   | Qian et al. 
  Ablation of   Apc   leads to rapid exhaustion of the HSC pool 
in vivo 
  The observation of multilineage hematopoietic abnormalities 
and rapid lethality after ablation of   Apc   suggested that Apc 
function plays a critical role in HSCs and progenitors. To 
determine whether BM failure is caused by ineff  ective HSC 
function in   Apc  -defi  cient mice, we examined the HSC com-
partment by FACS. After induction of   Apc   ablation, primary 
  Mx1-Cre    +    Apc  fl / fl      mice (4 d after induction) and CM (7 d after 
induction) reconstituted with   Mx1-Cre    +    Apc  fl / fl      BM cells had 
a mean of 3- or 10-fold fewer total HSCs (LSK; Lin        Sca-1  +   
c-kit  +   cells;  Fig. 3, A and B ) than did the control  Mx1-Cre           Apc  fl / fl      
mice or control   Mx1-Cre           Apc  fl  /fl       CM, respectively.   To char-
acterize the primitive hematopoietic cell compartment of 
  Apc   mutant mice further, we performed the cobblestone area – 
forming cell (CAFC) assay (  27  ). At 4 d after induction (two 
treatments with pI-pC), the BM cells were isolated from 
  Mx1-Cre    +    Apc  fl / fl      or control   Mx1-Cre           Apc  fl / fl      mice and cul-
tured on monolayers of FBMD1 stromal cells. The frequency 
of CAFCs (day 35) in   Apc   mutant BM cells was 10-fold lower 
than in   Apc  -control mice, indicating that   Apc   mutant HSCs had 
reduced CAFC activity in vitro (Fig. S2, available at http://
www.jem.org/cgi/content/full/jem.20080578/DC1). 
  Next, we performed competitive reconstitution assays to 
examine the function of   Apc   mutant HSCs in vivo. At 4 d 
after induction (two injections of pI-pC), equal numbers of 
BM cells (CD45.2  +  ) from induced   Mx1-Cre    +    Apc  fl / fl      mice or 
control   Mx1-Cre           Apc  fl / fl      mice together with competitor BM 
cells (CD45.1  +  ) were transplanted into lethally irradiated WT 
CD45.1 recipient mice. Analysis of CM 7 wk after transplanta-
tion revealed an extremely low contribution of the donor cells 
(CD45.2  +  ) in PB and BM cells (  Fig. 3, C and D  ). In addition, 
  Apc   mutant donor HSCs gave rise to very few HSCs (LSKs) and 
HPCs in recipient mice, whereas control donor cells generated a 
normal proportion of primitive and mature hematopoietic cells, 
indicating that   Apc   mutant HSCs are defective in reconstituting 
hematopoiesis in irradiated recipient mice (  Fig. 3 D  ). More-
over, we performed in vivo homing assays and determined that 
deletion of   Apc   does not aff  ect homing of   Apc  -defi  cient BM 
cells to the BM in irradiated recipient mice (Fig. S3, available at 
http://www.jem.org/cgi/content/full/jem.20080578/DC1). 
  Loss of   Apc   results in exhaustion of the myeloid progenitor 
pool in vivo 
  Analysis of PB in   Mx1-Cre    +    Apc  fl / fl      CM revealed that loss of   Apc   
function results in rapid loss of multilineage hematopoietic cells. 
    Figure 3.         Characterization of   Apc  -defi  cient HSCs.   (A)  Comparison 
of the frequency of HSCs in primary   Mx1-Cre  +  Apc  fl  /fl      mice 4 d after induc-
tion (top) and   Mx1-Cre  +  Apc  fl  /fl      CM mice 7 d after induction (bottom). The 
percentage of LSK cells is indicated (mean   ±   SD of six to eight animals). 
**, P   <   0.01. (B) Total number of HSCs (LSK) in BM from primary mice and 
CM. **, P   <   0.01. (C and D) Hematopoietic reconstitution after ablation of 
  Apc   was assessed by the proportion of donor-derived CD45.2 cells in PB 
(C) and populations of B cells (B220  +  ), myeloid cells (Gr-1  +   Mac-1 + ),  ery-
throid-myeloid progenitor cells (HPCs; Lin        Sca1       c-kit +   IL-7R     ),  and 
HSCs (LSKs) in BM from CM (D; mean   ±   SD of fi  ve animals) after   Apc   ab-
lation 7 wk after transplantation. *, P   <   0.05; **, P   <   0.01.     
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was unaff  ected (  Fig. 4 B  ). Thus, loss of   Apc   function led to 
ineff  ective erythropoiesis as a result of diff  erentiation arrest of 
late erythroblasts. Although the relative proportion of Ter119-
positive cells was increased, the total number of Ter119-posi-
tive cells was reduced in   Apc   mutant CM as compared with 
  Apc   control (unpublished data). 
  To determine the frequency of myeloid progenitor cells 
in BM, we performed in vitro colony-forming unit assays. 
BM cells harvested from primary   Mx1-Cre    +    Apc  fl  /fl       or   Mx1-
Cre           Apc  fl / fl      mice 4 d after induction were plated in methyl-
cellulose medium containing SCF, IL3, and IL6.   Apc   mutant BM 
cells gave rise to fewer colony forming units and CFU-GEMM, 
We analyzed myeloid and erythroid lineage cells by fl  ow cyto-
metric analysis of cell surface markers in CM 7  –  10 d after induc-
tion. The mature myeloid cells (Gr-1  +   Mac-1  +  ) were reduced 
dramatically in BM (4   ±   3 vs. 52   ±   10%; P   <   0.01) and in 
spleen (0.43   ±   0.3 vs. 7.9   ±   3.5%; P   <   0.01) from   Apc   mutant 
CM as compared with   Apc  -control CM (  Fig. 4 A  ).     Apc   mu-
tant CM had a signifi  cantly increased proportion of the pro-
erythroblast (RI, Ter119  low  CD71  hi  ; 2.5   ±   2 vs. 0.7   ±   0.2%; 
P   <   0.05) and basophilic erythroblast (RII, Ter119  hi  CD71  hi  ; 
53   ±   8.5 vs. 17   ±   6.5%; P   <   0.01) populations as compared 
with   Apc   control CM; however, the frequency of late erythro-
blasts (RIII, Ter119  hi  CD71  med  ; and RIV, Ter119  hi  CD71  low  ) 
    Figure 4.         Loss of   Apc   results in exhaustion of myeloid progenitor cells  . (A and B) Proportion of myeloid cells (Gr-1  +   Mac-1 +  ; A) in BM and spleen 
(SP and erythroid cells; B) in BM from chimeric   Mx1-Cre  +  Apc  fl  /fl      or   Mx1-Cre       Apc  fl  /fl      mice (mean   ±   SD of fi  ve to six animals). (C) In vitro analysis of HPCs. 
The number of BM CFU-GEMM, CFU-GM, CFU-G, CFU-M, and BFU-E was examined in   Mx1-Cre  +  Apc  fl  /fl      or   Mx1-Cre       Apc  fl  /fl      mice 4 d after induction 
(mean   ±   SD of three animals). *, P   <   0.05; **, P   <   0.01. (D and E) Proportion (D) and absolute number (E) of myeloid progenitor cells in BM from chimeric 
  Mx1-Cre  +  Apc  fl  /fl      or   Mx1-Cre       Apc  fl  /fl      mice (mean   ±   SD of fi  ve to six animals). *, P   <   0.05; **, P   <   0.02.     2168 APC IS REQUIRED FOR HEMATOPOIESIS   | Qian et al. 
c-kit  +  ) as compared with   Apc   control chimeras (  Fig. 4 D  ). 
In addition, the CMP (Lin        Sca-1        IL-7R        c-kit  +   Fc    RII/
III  low   CD34  hi  ) and GMP (Lin        Sca-1        IL-7R        c-kit  +   Fc    RII/
III  hi   CD34  hi  ) populations were nearly absent, whereas the 
proportion of MEP (Lin        Sca-1        IL-7R        c-kit  +   Fc   RII/III  low   
CD34  low  ) were increased signifi  cantly in BM from   Apc   mu-
tant CM as compared with   Apc   control chimeras (  Fig. 4 D  ). 
CFU-GM, CFU-G, CFU-M, and BFU-E colonies than did 
the   Apc   control BM cells (  Fig. 4 C  ), indicating that   Apc   mu-
tant BM cells contained a reduced number of myeloid pro-
genitors as compared with   Apc   control BM cells. 
  Next, we characterized the myeloid progenitor compart-
ment.   Apc   mutant chimeras had a mean sevenfold decrease in 
the frequency of myeloid progenitor cells (Lin        Sca-1        IL-7R        
    Figure 5.         Loss of Apc function blocks B cell and T cell differentiation.   (A  –  C) Analysis of B cells. Frequency (A) and total number (C, top) of LMPPs 
and frequency (B) and total number (C, bottom) of pro-B cells (B220  +   CD43 +   IgM      ), preB cells (B220  +   CD43       IgM      ), immature B cells (B220  low   CD43      
IgM  +  ), and mature B cells (B220  hi   CD43       IgM +  ) in BM cells from chimeric   Mx1-Cre  +  Apc  fl  /fl      or   Mx1-Cre       Apc  fl  /fl      mice 7 d after induction (mean   ±   SD of 
three to fi  ve animals). (D) FACS analysis of c-Kit and CD25 expression in Lin        thymocytes (left) and of CD4 and CD8 expression in thymocytes (right) from 
primary   Mx1-Cre  +  Apc  fl  /fl      or   Mx1-Cre       Apc  fl  /fl      mice 2  –  4 d after induction (mean   ±   SD of three to fi  ve animals). *, P   <   0.05; **, P   <   0.01.     JEM VOL. 205, September 1, 2008 
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creased by   >  10-fold, which is consistent with the morphology 
which showed depletion of lymphoid cells (Fig. S4, available at 
http://www.jem.org/cgi/content/full/jem.20080578/DC1), 
indicating that Apc is also required for survival of T cells. With 
respect to the early stages of T cell development, we showed 
that early T cell progenitors (ETPs, Lin       c-kit  +   CD25       ), DN2 
(Lin       c-kit  +   CD25  +  ), and DN3 (Lin       c-kit        CD25  +  ) were 
nearly absent in   Apc   mutant mice as compared with   Apc   con-
trol mice (  Fig. 5 D  , right), indicating that Apc is required 
for survival of T cells at early developmental stages. Alterna-
tively, it is possible that the putative T cell progenitors are un-
able to reach the thymus as a result of HSC failure. Consistent 
with previous fi  ndings (  29  ), the CD4, CD8 double-positive 
population was dramatically decreased in   Apc   mutant mice 
(  Fig. 5 D  , left), as compared with control mice. Collectively, 
our data suggest that Apc is a key regulator of hematopoietic 
cell development. 
  Induction of   Apc   ablation in preestablished CM 
  To examine the long-term function of Apc mutant HSCs in 
a normal microenvironment, we performed competitive re-
population assays by generating CM (WT) reconstituted with 
a mixture of uninduced   Mx1-Cre    +    Apc  fl / fl      or   Mx1-Cre           Apc  fl  /fl       
donor cells (CD45.2  +  ) and competitor WT donor cells (half 
However, the total number of CMP, MEP, and GMP are sig-
nifi  cantly reduced in BM from   Apc   mutant CM as compared 
with   Apc   control chimeras (  Fig. 4 E  ), suggesting that   Apc   is 
required for survival of diff  erent myeloid progenitors. 
  Loss of   Apc   blocks B cell and T cell development 
  Adolfsson et al. (  28  ) have proposed an alternative model for 
hematopoietic development based on the development of a 
population of lymphoid-primed multipotent progenitor pool 
(LMPP, Lin        Sca-1  +   c-kit  +   Flt3  +  ) cells primarily with B cell, T 
cell, and monocyte potential. The frequency of LMPPs (  Fig. 
5 A  ) is increased in   Apc   mutant CM as compared with control 
CM.   However, the total number of LMPPs is decreased be-
cause of a dramatic decrease in the absolute numbers of LSKs 
in   Apc-  mutant CM (  Fig. 5 C  , top). Phenotypic analysis dem-
onstrated that these mice had substantially fewer pro-B cells 
(B220  +   CD43  +   IgM       ), Pre-B cells (B220  +   CD43        IgM       ), and 
immature B cells (  Fig. 5, B and C  , bottom). The proportion of 
mature B cells was increased, but there was a decrease in the 
absolute numbers because of a signifi  cantly lower number of 
total BM cells in   Apc   mutant mice. These data suggest that loss 
of   Apc   blocks B cell development early at the HSC/LMPP 
stage. Examination of the thymus from primary   Mx1-Cre    +    Apc  fl  /fl      
mice 4 d after induction revealed that the cellularity was de-
    Figure 6.         Loss of Apc function abolishes HSC function in preestablished BM chimeras.   (A) Schematic diagram of the experimental strategy. 
(B) Evaluation of the proportions of donor-derived CD45.2 cells contributing to the major lineages in PB after induction of   Apc   deletion (mean   ±   SD of 
4 animals). (C) Fractions of donor-derived cells in each BM cell subset 3 mo after pI-pC injection (mean   ±   SD of four animals). **, P   <   0.01.     2170 APC IS REQUIRED FOR HEMATOPOIESIS   | Qian et al. 
ther analysis of the cell cycle profi  le of erythromyeloid pro-
genitor cells (Lin        Sca1       c-Kit  +   IL-7R       ) in primary and   Apc   
mutant and control mice CM. The proportion of S-phase 
HPCs 4 d after induction is slightly increased in primary   Apc   
mutant mice as compared with control mice; however, there 
is a signifi  cant increase of S-phase HPCs in   Apc   mutant CM 
as compared with control CM by 7 d after induction, indicating 
that the proliferation of HPCs is increased after Apc ablation 
(Fig. S6). In addition, the genes encoding the cyclin-depen-
dent kinase inhibitors Cdkn1a and Cdkn1b, which control 
cell cycling and repopulation of HSCs (  30, 31  ), respectively, 
were markedly down-regulated in   Apc   mutant LSK cells. 
Notably, there was no signifi  cant alteration in expression of 
  Ccnd1  ,   Myc  ,   Myb  ,   Gata2  ,   Gata1  ,   Bmi1  , and   Hoxb4   in   Apc   
mutant HSCs (  Fig. 7 B  ). 
    Apc   plays a pivotal role in survival of HSCs/HPCs 
  Next, we sought to determine whether altered apoptosis of 
the HSCs (LSKs) as a result of loss of   Apc   function accounts 
for the rapid exhaustion of the HSC pool in   Apc   mutant 
mice. The frequency of HSCs undergoing apoptosis was sig-
nifi  cantly higher in primary   Apc   mutant mice 4 d after induc-
tion as compared with control mice, whereas the frequency 
of apoptosis in HPCs was unaltered (  Fig. 8 A  ).   By 7 d after 
induction, the frequency of apoptosis of both HSCs and 
HPCs was increased signifi  cantly in   Apc   mutant CM as com-
pared with control CM (  Fig. 8, B and C  ). In addition, the 
frequency of apoptosis in Lin  +   BM cells representing the ma-
ture population is comparable among   Apc   mutant and control 
CM 7 d after induction (Fig. S7, available at http://www
.jem.org/cgi/content/full/jem.20080578/DC1) but is signifi  -
cantly increased in the moribund CM 12 d after induction 
(  Fig. 8 D  ), suggesting that loss of   Apc   function had a progres-
sive cell-intrinsic eff  ect on survival of HSCs and HPCs, as 
well as mature BM cells. Autopsy and gross examination re-
vealed liver pathology (numerous white patches on the sur-
face of the liver) in primary   Apc   mutant mice (Fig. S8 A) but 
not in control mice (not depicted); however, there was no 
obvious evidence of organ damage in the kidneys, lungs, and 
heart. Histological analysis of liver in primary   Apc   mutant 
mice revealed many necrotic regions, which were character-
ized by a signifi  cant number of apoptotic cells identifi  ed by 
TUNEL staining (Fig. S8 B). These results suggest that loss of 
  Apc   function leads to hepatocyte apoptosis in vivo and that 
the rapid mortality of the primary   Apc   mutant mice is caused 
by injury to major organs. 
  To determine the molecular mechanism underlying in-
creased apoptosis of   Apc   mutant HSCs (LSKs), we performed 
expression analysis of several genes involved in regulating cell 
death of HSCs. Loss of genes encoding survival factors, such 
as Mcl1 or Birc5 (survivin), leads to depletion of HSCs (  15, 16  ), 
whereas constitutive expression of   Bcl2   results in accumula-
tion of HSCs in vivo and enhances the capacity of HSCs to 
reconstitute the hematopoietic system in irradiated recipient 
mice (  32  ). The LSK cells were isolated from the primary   Apc   
mutant and control mice 4 d after two doses of pI-pC induction. 
the number of   Apc  fl / fl      cells; CD45.1  +  ;   Fig. 6 A  ).   After 8 wk, 
the chimeras were injected with pI-pC to induce ablation of 
  Apc   in engrafted BM. All treated mice survived and appeared 
to be healthy. We found that the   Apc   mutant myeloid cells 
(Gr-1  +   and Mac-1  +  ) were depleted within 20 d after induc-
tion, and the proportion of   Apc   mutant B cells (B220  +  ) and T 
cells (CD3  +  ) were gradually reduced in PB after   Apc   ablation 
in recipient mice (  Fig. 6 B  ). In addition, the proportion of 
  Apc   mutant HSCs (LSKs) and HPCs was substantially lower 
as compared with control HSCs in recipient mice after 3 mo 
(  Fig. 6 C  ). These data are consistent with our analysis of non-
competitive reconstituted chimeras and suggest that Apc reg-
ulates the survival of HSCs (LSKs) and HPCs, independent of 
the hematopoietic microenvironment. 
    Apc   regulates HSC/HPC proliferation 
  Next, we analyzed the cell cycle profi  le of HSCs (LSKs) to 
determine whether loss of   Apc   function results in altered cell 
cycle parameters. This analysis revealed that the proportion 
of LSKs in the S and G  2  -M phases was increased by 2  –  3-fold 
in   Apc   mutant mice as compared with control mice (  Fig. 7 A  ).   
To examine the fraction of LSKs in the G  0  -G  1   phases, we 
stained LSKs with both pyronin Y and HOECHST 33342 to 
assess the RNA and DNA content, as previously described 
(  12  ). The   Apc   mutant mice showed a decreased proportion of 
LSKs in the G  0   phase and an increased proportion of LSKs in 
the S-G  2  -M phases (Fig. S5, available at http://www.jem.org/
cgi/content/full/jem.20080578/DC1). We performed fur-
    Figure 7.         Analysis of the cell cycle and expression of regulatory 
genes in   Apc  -defi  cient LSKs.   (A) Cell cycle profi  le of LSKs from BM 4 d 
after induction (mean   ±   SD of three animals). **, P   <   0.01. (B) Analysis of 
gene expression in   Apc   mutant LSK cells by qRT-PCR analysis of RNA 
isolated from sorted LSK cells from primary   Mx1-Cre  +  Apc  fl  /fl      or  control 
  Mx1-Cre       Apc  fl  /fl      mice 4 d after induction. The relative expression is shown 
normalized to gene expression in control HSCs (mean   ±   SD of three ani-
mals). *, P   <   0.05.     JEM VOL. 205, September 1, 2008 
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    Figure 8.         Analysis of apoptosis and expression of genes involved in the regulation of apoptosis in   Apc  -defi  cient HSCs.   (A and B) Frequency of 
apoptosis in gated HSCs (LSKs) and HPCs (Lin        Sca-1       c-kit +   IL-7R      ) stained with Annexin V and 7-ADD from   Mx1-Cre  +  Apc  fl  /fl      and   Mx1-Cre       Apc  fl  /fl      mice 
4 d after induction (primary mice; A) or 7 d after induction (CM; B; mean   ±   SD of three animals). *, P   <   0.05; **, P   <   0.01. (C) Representative histograms of 
fl  ow cytometric analysis of the frequency of apoptotic cells in gated HSCs (LSKs) and HPCs 7 d after induction (CM). (D) Representative TUNEL staining of 
BM cells from   Mx1-Cre       Apc  fl  /fl      CM mice (left) and   Mx1-Cre  +  Apc  fl  /fl      CM mice (right), analyzed 12 d after three doses of pI-pC induction. Apoptotic cells are 
shown in brown (TUNEL positive). Bar, 20   μ  m. (E) Analysis of gene expression in   Apc   mutant LSK cells by qRT-PCR analysis of RNA isolated from sorted 
LSK cells from primary   Mx1-Cre  +  Apc  fl  /fl      or control   Mx1-Cre       Apc  fl  /fl      mice 4 d after induction. The relative expression is shown normalized to gene ex-
pression in control HSCs (mean   ±   SD of three animals). *, P   <   0.05.     2172 APC IS REQUIRED FOR HEMATOPOIESIS   | Qian et al. 
    Figure 9.         Ablation of Apc results in the accumulation of     -catenin 
in hematopoietic cells in vivo.   (A) Expression of     -catenin in Thymus 
(T) and Spleen (SP) from CM 4 d after induction (two doses). (B) Expression 
of intracellular     -catenin in subsets of BM cells from   Mx1-Cre     Apc fl  /fl     
(blue profi  le) and   Mx1-Cre  + Apc fl  /fl      (red  profi  le) CM 4 d after induction (two 
doses). Data are representative of three independent experiments.     
In sorted   Apc   mutant LSK cells,   Mcl1   is down-regulated; 
however, the expression of other genes involved in cell death 
and survival was not signifi  cantly altered (  Fig. 8 E  ). 
  Loss of   Apc   leads to an accumulation of     -catenin 
in hematopoietic cells in vivo 
  Mutant APC contributes to colorectal tumorigenesis through 
stabilization of     -catenin, resulting in activation of the Wnt 
pathway. To determine if ablation of   Apc   results in accumula-
tion of     -catenin, we analyzed protein lysates from hemato-
poietic cells from   Mx1-Cre           Apc  fl / fl      and   Mx1-Cre    +    Apc  fl  /fl       CM 
4 d after induction by immunoblotting using antibodies to 
    -catenin.     -Catenin levels were elevated in hematopoietic cells 
from thymus and spleen from   Mx1-Cre    +    Apc  fl / fl      CM (  Fig. 9 A  ).   
The expression of     -catenin in BM cells was not detectable 
by immunoblotting (unpublished data), which may be be-
cause of the heterogeneity of hematopoietic cells in the BM. 
Thus, we assessed the intracellular level of     -catenin in prim-
itive hematopoietic cells and subsets of mature hematopoietic 
cells in BM by fl  ow cytometry. Our data revealed that abla-
tion of   Apc   stabilizes intracellular     -catenin in LSKs, HPCs, 
and mature B cells (B220  +  ) but not in mature (Gr-1  +   and 
Mac-1  +  ) myeloid cells, which is indicative of activation of the 
Wnt pathway in subsets of BM cells (  Fig. 9 B  ). 
    DISCUSSION   
  The   APC   tumor suppressor gene is located on chromosome 
band 5q22 (  17  ). Loss of a whole chromosome 5 or a del(5q) 
are recurring cytogenetic abnormalities in myeloid neoplasms 
and are noted in 15% of patients with a primary myelodysplastic 
syndrome or acute myeloid leukemia de novo and in   >  40% 
of patients with therapy-related myelodysplastic syndrome 
or acute myeloid leukemia (  33  ). However, the role of APC 
in the function of HSCs and hematopoiesis is poorly under-
stood. In this paper, we used a conditional knockout animal 
model to examine the function of Apc in the hematopoietic 
system in vivo and demonstrate that Apc is a key regulator of 
HSC and HPC maintenance, survival, and diff  erentiation. 
  The maintenance of HSCs is required for hematopoietic 
homeostasis throughout the lifespan of an animal. In this 
paper, we demonstrate that endogenous   Apc   is an essential 
regulator of HSC maintenance. Ablation of Apc in both pri-
mary   Mx1-Cre    +    Apc  fl  /fl       mice and chimeric   Mx1-Cre    +    Apc  fl  /fl       
mice results in rapid BM failure and lethality. Further charac-
terization of   Apc  -defi  cient mice revealed that loss of hemato-
poietic homeostasis correlates with a rapid loss of the HSC 
and HPC compartments. As compared with other animal 
models for important regulators of HSC maintenance, such as 
Bmi1 (  34, 35  ), Pten (  12, 13  ), Cdkn1a (  31  ), and Mcl1 (  16  ), 
the eff  ect of   Apc   ablation on HSC maintenance is more rapid 
and striking. In addition,   Apc   mutant HSCs failed to recon-
stitute hematopoiesis in lethally irradiated recipient mice. 
This intrinsic functional failure was also observed in the con-
text of a WT microenvironment, indicating that the eff  ect is 
cell autonomous. 
  Regulation of the cell cycle of HSCs plays an important 
role in the maintenance of the HSC pool. Most HSCs are 
maintained in a quiescent state and divide once within a 2  –  4-wk 
period in the mouse (  36  ). Enforced cell cycle entry as a result 
of deletion of   Cdkna1   or   Pten   leads to exhaustion of the HSC 
pool (  12, 13, 31  ). Consistent with previous fi  ndings that over-
expression of   Apc   blocks cell cycle progression from G  0  /G  1   
to the S phase (  37  ), we demonstrated that deletion of   Apc   
increased the proportion of proliferating HSCs and myeloid 
progenitors markedly. The proportion of HSCs that exit G  0  /G  1   
and enter the S phase is increased about threefold on average 
in   Apc  -defi  cient mice (  Fig. 7 A  ). Thus, an increase in the 
proportion of proliferating cells caused by ablation of   Apc   
contributes to the exhaustion of the HSC pool in   Apc   mutant 
mice. In addition, we found that both   Cdkn1a   and   Cdkn1b   
are expressed at lower levels in   Apc   mutant LSK cells, suggest-
ing that the role of Apc in regulating cell cycle progression 
may be associated with its function in negatively modulating 
the activity of cyclin  –  CDK complexes. 
  Regulation of apoptosis is also critical for the mainte-
nance of the HSC pool. Loss of survival factors, such as Mcl1 
and Birc5, leads to depletion of BM cells (  15, 16  ). Consistent 
with previous results that conditional inactivation of   Apc   in 
the neural crest induces massive apoptosis during development 
(  38  ), we found that loss of   Apc   signifi  cantly increased the fre-
quency of apoptosis in HSCs and HPCs, which contributes JEM VOL. 205, September 1, 2008 
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has been implicated in activation of the mTOR pathway inde-
pendent of     -catenin  –  dependent transcription (  45  ). Whether 
activation of the mTOR signaling pathway resulting from 
loss of   Apc   enhances protein synthesis, leading to a synergistic 
growth-stimulatory eff  ect with stabilization of     -catenin in 
  Apc   mutant HSCs, remains to be determined. 
  Although there are some common features, our data indi-
cate that acute physiological loss of   Apc   in HSCs has some con-
sequences that are distinct from those of aberrant stabilization 
and constitutive activation of     -catenin. For example,   Apc   ab-
lation resulted in extremely rapid depletion of HSCs, which is 
in contrast to the expansion of HSCs observed after expression 
of constitutively active     -catenin in vitro (  39  ) and in vivo (  42, 
43  ). In addition,   Apc   ablation increased the frequency of apop-
tosis of HSCs and HPCs and led to a marked reduction in the 
pool of myeloid progenitors, whereas expression of constitu-
tively active     -catenin did not aff  ect apoptosis in HSCs or the 
size of the myeloid progenitor pool (  42, 43  ). Thus, the mech-
anism by which loss of   Apc   increases the frequency of apopto-
sis in HSCs may be independent of Wnt/    -catenin signaling. 
Apc is a multidomain protein that interacts with several other 
proteins, and has been implicated in multiple cellular func-
tions in addition to regulation of the Wnt pathway (  17, 18  ). 
In this regard, the   Drosophila melanogaster   homologue of   Apc   
plays a role in the orientation of asymmetrical cell division of 
male germline stem cells, suggesting that Apc may contribute 
to maintaining the balance between self-renewal and diff  er-
entiation of stem cells (  46  ). Whether   Apc   regulates the self-
renewal of HSCs by controlling asymmetrical cell division is 
unknown. In addition, Apc regulates thymocyte development 
through regulation of Wnt/    -catenin signaling and control of 
chromosome segregation (  29  ). Collectively, the available data 
suggest that other cellular functions of   Apc   may also contribute 
to its critical role in maintaining the integrity of the HSC and 
progenitor compartments. The rapid lethality of   Apc   mutant 
mice may be the result of synergistic eff  ects resulting from de-
fects in multiple cellular functions of Apc. 
  In the gastrointestinal system,   Apc   is expressed in colonic 
epithelial cells, where its expression is lower at the bottom 
and higher in the upper portions of the crypts, suggesting that 
there is an increase in the level of   Apc   expression with matura-
tion of the epithelium (  47, 48  ). Loss of   Apc   function is believed 
to lead to expansion of the intestinal stem cell compartment 
(  17  ). Collectively, these data suggest that   Apc   has a diff  erential 
eff  ect in HSCs and intestinal stem cells, i.e., exhaustion of the 
HSC pool versus expansion of the intestinal stem cell pool, 
and that the function of Apc in regulating self-renewal of 
adult stem cells is cell context dependent. 
    MATERIALS AND METHODS   
    Apc   mutant mice.       Apc  fl / fl      mice carrying a conditionally targeted allele of   Apc   
(APC  580s  ; reference   21  ) were generated from embryonic stem cells obtained 
from T. Noda (The Cancer Institute, Tokyo, Japan; reference   22  ).   Apc  fl / +     mice 
carrying the   Mx1-Cre   transgene (  23  ) were crossed with   Apc  fl / fl      mice to generate 
  Mx1-Cre  +  Apc  fl / fl     ,   Mx1-Cre       Apc  fl / fl     ,   Mx1-Cre  +  Apc  fl / +    , and   Mx1-Cre       Apc  fl / +     
mice. To induce excision of exon 14 of   Apc  , primary mice or transplanted re-
cipient mice received 6  –  10   μ  g pI-pC (GE Healthcare) per gram of body weight 
to the loss of hematopoietic homeostasis. In addition, we dem-
onstrated that deletion of   Apc   also induces apoptosis of hepa-
tocytes in vivo. The expression of   Mcl1   is down-regulated in 
the   Apc   mutant LSK population, which may contribute to 
induction of apoptosis in   Apc  -defi  cient HSCs. Loss of   Apc   is 
associated with chromosomal instability and missegregation 
(  20  ), raising the possibility that induction of apoptosis by loss 
of   Apc   in hematopoietic cells may result, in part, from an in-
creased frequency of chromosome missegregation. 
  Our data also suggests that inactivation of   Apc   in vivo leads 
to a block in multilineage diff  erentiation. Diff  erentiation of 
the erythroid lineage was blocked at early erythroblast stages, 
whereas development of B cells was blocked at the LMPP 
stage. Gounari et al. (  29  ) demonstrated that loss of   Apc   dis-
rupts thymic development. We have extended these observa-
tions and determined that   Apc   ablation results in an absence of 
ETP, DN2, and DN3 T cells and a delay in the DN4 and DP 
transitions during T cell development. Collectively, our data 
indicate that Apc is a key regulator of hematopoiesis. 
  In line with the role of Apc as an antagonist of the Wnt 
pathway, loss of   Apc   leads to the accumulation of intracellu-
lar     -catenin in hematopoietic cells from thymus and spleen, 
HSCs, HPCs, and subsets of mature BM cells, indicating 
that loss of   Apc   may activate the Wnt pathway by stabilizing 
    -catenin in HSCs, HPCs, and other hematopoietic cells. The 
involvement of Wnt signaling in regulating HSC activity is 
controversial (  39  –  43  ). Activation of Wnt signaling by over-
expression of stabilized     -catenin enhances the self-renewal 
of HSCs (  39  ). Conversely, enhanced expression of Axin, a 
negative regulator of the Wnt pathway, resulted in inhibition 
of HSC proliferation in vitro and decreased reconstitution 
capacity of HSCs (  39  ). In addition, stimulation of the Wnt 
pathway with purifi  ed Wnt protein in vitro (  40  ), or a small-
molecule inhibitor of GSK3     in vivo (  41  ), promotes the self-
renewal of HSCs. Nonetheless, in vivo studies have yielded 
unexpected results. Conditional inactivation of     -catenin did 
not aff  ect the function of HSCs and hematopoiesis in vivo 
(  44  ). However, Kirstetter et al. (  42  ) and Scheller et al. (  43  ) 
showed that conditional expression of stabilized     -catenin 
in hematopoietic cells in vivo results in disrupted function 
of HSCs and lethality in mice. A caveat is that it is not yet 
known whether the magnitude of Wnt signaling resulting 
from expression of stabilized     -catenin refl  ects physiological 
conditions in hematopoietic cells. Our data showed that   Apc  -
defi  cient mice share some common phenotypic features, such 
as enhanced cell cycle entry of HSC, as well as multilineage 
defects, with mice expressing stabilized     -catenin in hemato-
poietic cells, suggesting that the function of Apc in the hema-
topoietic system may, in part, be mediated by the regulation 
of     -catenin stabilization. In addition, tight regulation of the 
magnitude of signaling through the Wnt pathway by Apc may 
be required for the maintenance and diff  erentiation of HSCs 
and HPCs. However, loss of Apc results in more severe de-
fects in HSCs as compared with overexpression of     -catenin, 
suggesting that additional signaling pathways may be involved 
in mediating the eff  ect. Recently, down-regulation of Apc 2174 APC IS REQUIRED FOR HEMATOPOIESIS   | Qian et al. 
  Online supplemental material.     Fig. S1 shows that deletion of Apc leads 
to lethality. Fig. S2 shows CAFC frequency in BM from primary   Mx1-
Cre       Apc  fl / fl     and   Mx1-Cre  +  Apc  fl / fl     mice after induction of Apc deletion. Fig. S3 
shows analysis of homing ability of  Mx1-Cre       Apc  fl / fl     and  Mx1-Cre  +  Apc  fl / fl     BM 
cells in lethally irradiated recipient mice. Fig. S4 shows histological analysis 
of thymus from   Mx1-Cre       Apc  fl / fl     and   Mx1-Cre  +  Apc  fl / fl     primary mice 4 d after 
three doses of pI-pC. Fig. S5 shows the proportion of LSK cells in the G  0  , 
G  1  , or S+G  2  /M populations from   Apc   mutant and   Apc   control mice. Fig. S6 
shows cell cycle profi  le of erythromyeloid progenitors from primary   Mx1-
Cre  +  Apc  fl / fl     or control   Mx1-Cre       Apc  fl / fl     mice 4 d after induction and   Mx1-
Cre  +  Apc  fl / fl     or control   Mx1-Cre       Apc  fl / fl     CM mice 7 d after induction. Fig. S7 
shows representative histograms of fl  ow cytometric analysis of frequency 
of apoptotic cells in gated CD45.2   +  Lin  +   bone marrow cells from   Mx1-
Cre  +  Apc  fl / fl     or control   Mx1-Cre       Apc  fl / fl     CM mice 7 d after induction. Fig. S8 
shows increased apoptosis of hepatocytes after induction of   Apc   deletion in 
vivo. Table S1 shows primers used in qRT-PCR analysis. Table S2 shows 
the mean threshold cycle value for each gene in qRT-PCR. Supplemental 
Materials and methods are also available. Online supplemental material is 
available at http://www.jem.org/cgi/content/full/jem.20080578/DC1. 
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per injection i.p. every second day for two or three doses. The deletion status 
of   Apc   was monitored by PCR analysis. All animal research was approved by 
the University of Chicago Institutional Animal Care and Use Committee. 
  Flow cytometric analysis.     Single cell suspensions from BM, spleen, PB, and 
thymus were stained with the indicated fl  uorochrome-conjugated antibodies 
(BD Biosciences and eBioscience). Flow cytometric analysis of HSCs and sub-
sets of HPCs have been described previously (  1, 2  ). For lineage analysis, whole 
BM cells were stained with various combinations of antibodies for diff  erent 
cell populations: Percp-B220, PE-CD43, and APC-IgM for B cells; PE-Gr-1 
and APC-Mac-1 for myeloid cells; APC-Ter119 and PE-CD71 for erythroid 
cells; CD4 and CD8 for mature T cells; and CD4, CD8, TCR    , TCR        , 
CD11c, NK1.1, Mac-1, B220, and Ter119 with APC-c-kit and PE-CD25 for 
early T cells. APC-Cy7-CD45.2 or FITC-CD45.2 and PE-CD45.1 were 
used to identify the donor cells in recipient mice. For sorting of HSCs and 
HPCs, BM cells were stained with biotinylated rat antibodies specifi  c for lin-
eage markers (CD3, B220, IgM, Ter119, Mac-1, Gr-1, and CD19). The Lin  +   
cells were depleted with sheep anti  –  rat IgG-conjugated magnetic beads (Dy-
nabeads M-450; Invitrogen), and the remaining cells were resuspended and 
stained with APC-c-kit, PE-Sca-1, PE-Cy5-Flk2 (Flt3), and Streptavidin-
FITC for HSCs and LMPPs, stained with APC-c-kit, PE-Sca-1, PE-Cy5-IL-
7R, and Streptavidin-FITC for CLPs, or stained with APC-c-kit, PE-Sca-1, 
FITC-CD34, PE-Cy7-CD16/32 (Fcr), and Streptavidin-PE-Cy5 for myeloid 
progenitors. Dead cells were excluded by DAPI or propidium iodide staining. 
Flow cytometry was performed using FACSCanto or LSRII fl  ow cytometers. 
Cell cycle analysis with pyronin Y and HOECHST 33342 staining was per-
formed as described previously (  12  ). For the detection of apoptosis, BM cells 
were stained with antibody conjugates, Annexin V, and 7-ADD (BD Biosci-
ences). All data were analyzed by FlowJo software (Tree Star, Inc.). 
  Colony-forming unit and CAFC assays.     For colony-forming unit as-
says, total BM cells, isolated from   Mx1-Cre    +    Apc  fl / fl      and   Mx1-Cre           Apc  fl / fl      
mice 4 d after induction, were plated in duplicate in methylcellulose 
medium (MethoCult; StemCell Technologies, Inc.) supplemented with IL3, 
IL6, and SCF, and scored after 10 d. The CAFC assay was performed as 
previously described (  27  ). The FDMB1 stromal cell line was provided by 
G. Van Zant (University of Kentucky, Lexington, KY). 
  Transplantation assays.     BM transplants were performed as previously de-
scribed (  49  ). For competitive repopulation assays, 0.5   ×   10  6   BM cells 
(CD45.2) from   Mx1-Cre  +  Apc  fl / fl      or   Mx1-Cre       Apc  fl / fl      (control) mice 4 d after 
two injections of pI-pC were mixed 1:1 with the competitor BM cells 
(CD45.1) from B6.SJL mice and transplanted into lethally irradiated B6.SJL 
mice by retroorbital injection. For generating preestablished BM chimeras, 
10  6   BM cells from untreated   Mx1-Cre  +  Apc  fl / fl      or   Mx1-Cre       Apc  fl / fl      mice were 
mixed 2:1 with the competitor BM cells from B6.SJL and injected into le-
thally irradiated B6.SJL mice. 
  Quantitative real-time PCR.     To evaluate the expression of   Apc  , subsets 
of hematopoietic stem and progenitor cells were sorted from pooled BM 
cells from three to four C57/BL6 mice 2  –  3 m of age. To examine the ex-
pression of candidate genes in   Apc   mutant mice, LSK cells were sorted from 
  Mx1-Cre  +  Apc  fl / fl      or   Mx1-Cre       Apc  fl / fl      primary mice (  n   = 3) 4 d after the last 
pI-pC injection (two doses) into Trizol Reagent (Invitrogen). Total RNA 
was isolated and amplifi  ed using the full spectrum complete transcriptome 
RNA amplifi  cation kit (System Biosciences). The amounts of RNA were de-
termined by real-time RT-PCR using SYBR Green incorporation. The gene 
expression levels were normalized to that of   Hprt1   and expressed relative to 
the indicated reference sample. The primer sequences and the mean thresh-
old value (Ct) for each gene for both   Mx1-Cre  +  Apc  fl / fl      or   Mx1-Cre       Apc  fl / fl      
LSKs are listed in Tables S1 and S2 (available at http://www.jem.org/cgi/
content/full/jem.20080578/DC1), respectively. 
  Statistical analysis.     Statistical signifi  cance was calculated using the two-
tailed Student  ’  s   t   test. JEM VOL. 205, September 1, 2008 
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